Tin dioxide nanoparticles of different sizes and platinum doping contents were synthesized in one step using the flame spray pyrolysis (FSP) technique. The particles were used to fabricate semiconducting gas sensors for low level CO detection, i.e. with a CO gas concentration as low as 5 ppm in the absence and presence of water. Post treatment of the SnO 2 nanoparticles was not needed enabling the investigation of the metal oxide particle size effect. Gas sensors based on tin dioxide with a primary particle size of 10 nm showed signals one order of magnitude higher than the ones corresponding to the primary particle size of 330 nm. In situ platinum functionalization of the SnO 2 during FSP synthesis resulted in higher sensor responses for the 0.2 wt% Pt-content than for the 2.0 wt% Pt. The effect is mainly attributed to catalytic consumption of CO and to the associated reduced sensor response. Pure and functionalized tin dioxide nanoparticles have been characterized by Brunauer, Emmett and Teller (BET) surface area determination, X-ray diffraction (XRD), high resolution transmission electron microscopy (HRTEM) and scanning transmission electron microscopy (STEM) while the platinum oxidation state and dispersion have been investigated by X-ray photoelectron spectroscopy (XPS) and extended X-ray absorption fine structure (EXAFS). The sensors showed high stability (up to 20 days) and are suitable for low level CO detection: <10 ppm according to European and 50 ppm according to US legislation, respectively.
Introduction
Gas sensors based on semiconducting metal oxides are one of the most investigated group of gas sensors (Pearce et al., 2004) . For them, the conductance G or electrical resistance R is monitored as a function of the concentration of target gases and subjected to further data treatment and processing.
SnO 2 -based sensors are the best-understood prototype of oxide-based gas sensors and, in particular, have been used widely in gas sensing under atmospheric conditions (Barsan et al., 1999; Barsan & Weimar 2003; Eranna et al., 2004) .
One of today's challenges in carbon monoxide (CO) monitoring is the low concentration range (i.e. below 50 ppm) because of the fact that it is a toxic gas accompanying nearly all combustion processes. The US Occupational Safety and Health Administration (OSHA) has set a general industry Permissible Exposure Level (PEL) for CO of 50 ppm averaged over an 8 h work shift (http://www.osha.com). The American Conference of Governmental Industrial Hygienists (ACGIH), a private professional organization, has adopted a threshold limit value (TLV) of 25 ppm. In Europe, the limit value of CO (maximum daily 8 h mean) for the protection of human health to be met in 2005 is set at 10 mg/m 3 (%8.75 ppm) (EN, 2000) . At present, for example, in Germany, there are two kinds of occupational exposure limits (OELs) for air in the workplace: Technische Richtkonzentrationen (TRKs), which are technical guidance concentrations, and Maximale Arbeitsplatz Konzentrationen (MAKs), which give the maximum concentration of a chemical substance in the workplace (the MAK-values are daily 8 h time-weighed average values and apply to healthy adults). In Germany the MAK value for CO is set at 30 ppm.
For CO detection on metal-oxide (i.e. SnO 2 ) based gas sensors, it is well known and generally accepted that the CO reacts with the adsorbed oxygen ions (like O À 2 or O ) ) getting oxidized to CO 2 and the released electrons (sensing step) can therefore return to the conduction band (CB) according to the scheme:
Water has a similar reaction path way with the absorbed oxygen radical and therefore the effect of CO is often shielded by water (Sahm et al., 2005) . To enhance the sensing properties, SnO 2 is often functionalized with different noble metals (i.e. usually Pd, Pt, Au). In general, this decreases the response and recovery times, and increases the sensitivity, selectivity, reproducibility and stability of the sensors (Yamazoe, 1991; Sweizer-Berberich et al., 1996) . However, in each particular case -depending on the amount, chemical state, aggregation and localization of the atoms -the noble metal can influence the sensing properties in completely different manner; no generalization can be made even for the same base material (i.e. SnO 2 ) (Matsushima et al., 1988; Yamazoe, 1991; Gaidi et al., 1998; Kappler et al., 1998; Matko et al., 1999 Matko et al., , 2002 Cabot et al., 2000 Cabot et al., , 2001 Cabot et al., , 2002 Dieguez et al., 2000) . Usually, surface functionalization leads to an improvement of the sensing properties, while the doping with higher concentrations results in materials with poorer sensing properties (Grandjean et al., 2004) . Moreover, the situation will be different if the noble metal forms isolated metallic nanoparticles of a few nanometers (''metallic clusters'') or is getting oxidized and diffusing into the lattice of base material (SnO 2 ) forming solid-solutions (this is especially favorable for platinum because PtO 2 has the crystalline structure of rutile -the same as cassiterite structure of SnO 2 ).
The production of homogenous SnO 2 nanoparticles by flame spray pyrolysis (FSP) for gas sensing has been demonstrated successfully for sensing of NO 2 and propanal (Sahm et al., 2004) . In general, FSP has the ability to control particle size, produce highly single crystalline nanoparticles (Ma¨dler et al., 2002a) , and functionalize metal oxides within on step, often called in situ, with noble metals (Ma¨dler et al., 2003; Strobel et al., 2003) . Therefore, FSP is well suited to address the effects of tin dioxide nanoparticle properties such as size, crystallinity and platinum functionalization with regard to gas sensing performance and in particular CO detection. The resulting high external surface area, high noble metal dispersion and the absence of a powder post-calcinations step are further advantages of the FSP with regard to sensor manufacture.
Experimental

Nanoparticle synthesis
An aerosol reactor was used to produce SnO 2 and Pt/SnO 2 nanoparticles by FSP (Ma¨dler et al., 2002b) . The liquid precursor was prepared by diluting tin(II) 2-ethylhexanoic acid (SigmaAldrich, purity >98%) in toluene (Fluka, purity >99.5%) to obtain a 0.5 M precursor solution. For Pt/SnO 2 synthesis, appropriate amounts of platinum acetylacetonate (Pt(acac) 2 , Strem, purity >98%) were added to the solution to obtain a platinum loading of 0.0, 0.2 and 2.0 wt%, respectively. The liquid precursor was fed by a syringe pump (Inotech R232) with a constant feed rate of 5 and 8 ml/min through a capillary of an outside-mixing two-phase nozzle. The liquid was dispersed into fine droplets with 3 and 5 l/min oxygen (Pan Gas, 99.95%) maintaining a pressure
